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(54) HIGH CORROSION- RESISTANT HOT DIP COATED STEEL PRODUCT EXCELLENT IN 

SURFACE SMOOTHNESS AND FORM ABILITY, AND METHOD FOR PRODUCING HOT DIP 
COATED STEEL PRODUCT 



(57) The present invention provides a highly corro- 
sion-resistant plated steel sheet that can achieve excel- 
lent surface smoothness andformability and, according 
to the process of the present invention, a hot-dip galva- 
nized steel product excellent in surface smoothness and 
formability having on the steel product surface a zinc 
alloy plating layer composed of 4 to 22% by mass of Al, 
1 to 5% by mass of Mg, 0.000001 to 0.1% by mass of 
Ti, 0.000001 to 0.5% by mass of Si and the balance of 
Zn and unavoidable impurities, the plating layer of the 
plated steel product having a metal structure in which 
an IMg 2 Si phase], an [Al phase], a [Zr^Mg phase] and 
a [Zn phase] are present in a mixture in the matrix of an 
[Al/Zn/Zn 2 Mg ternary eutectlc structure], and the plating 
layer containing a ThAI base intermetallic compound in 
the [Al phase] and/or the [Zn 2 Mg phase] and/or the [Zn 
phase], is produced. 
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Description 

Field of the Invention 

5 [0001] The present invention relates to a plated steel sheet and, in more detail, to a highly corrosion-resistant plated 
steel product that can be applied to various applications and, for example, to household electrical appliances, auto- 
mobiles and steel sheets for building materials. 

Background Art 

10 

[0002] There are zinc base plated steel sheets that are often used as plated steel products excellent in corrosion 
resistance. The plated steel sheets are used In various manufacturing industries such as the automobile, household 
electrical appliance and building material industries. Moreover, plated steel products are used in various other fields 
such as the plated steel wire and hot-dip galvanized steel product fields. 

15 [0003] In order to improve the corrosion resistance of such zinc base plated steel products, the present inventors 
have proposed a hot-dip Zn-AJ-Mg-Si coated steel sheet (see, e.g., Japanese Patent Publication No. 3,179,446). 
[0004] Furthermore, in order to improve the corrosion resistance of zinc base plated steel products, a zinc base 
plated steel sheet that is made excellent in age-based darkening resistance by adding Ti to the hot-dip Zn-AI coated 
steel sheet has been proposed (see, e.g., Japanese Unexamined Patent Publication (Kokai) No. 5-125515). However, 

20 the problem that the resultant plated steel sheet shows poor surface smoothness and formability was not taken into 
consideration. 

[0005] Still furthermore, a zinc-base plated-steel sheet, the appearance of which is made good by adding Ti, B and 
Si to a hot-dip Zn-AI-Mg coated steel sheet, has been proposed (e.g., see Japanese Unexamined Patent Publication 
(Kokai) No. 2001-295015). Although TI and B are added for the purpose of inhibiting the formation and growth of a 
25 Zn 11 Mg 2 phase that makes the appearance of the plated steel sheet poor, the proposal neither considers the problem 
that the addition makes the surface smoothness and formability of the plated steel sheet poor, nor refers to formation 
of an intermetallic compound. 

[0006] However, the surface smoothness and formability are not ensured sufficiently for the above plated steel sheets 
and other disclosed plated sheets. 
30 [0007] When the solidification rate of the plating layer is adequately ensured during hot-dip galvanizing, the plating 
layer solidifies before the Al phase grows significantly. As a result, a problem of the surface smoothness does not arise. 
However, when the solidification rate of the plating layer is small, the Al phases significantly grow first. Protrusions and 
recesses are. then formed on the plating layer surface, and the resultant plated steel sheet has the problem that the 
surface smoothness and formability become poor. 

35 

Disclosure of the Invention 

[0008] An object of the present invention is to solve the above problems, and provide highly corrosion-resistant plated 
steel products. 

40 [0009] As a result of intensively carrying out investigations on the development of a plated steel sheet excellent in 
surface smoothness and formability, the present inventors have discovered that the surface smoothness and formability 
can be improved by making the plating layer have a metal structure in which one or at least two of the [Mg 2 Si phase], 
[Al phase]! [Zn 2 Mg phase] and [Zn phase] are present in a mixture in the matrix of an [Ai/Zn/Zn 2 Mg ternary eutectic 
structure], and making one or at least two of the [Al phase], [Zr^Mg phase] and [Zn phase] contain a Ti-AI base Inter- 
ns metallic compound, and they have thus achieved the present invention. The aspects of the present invention are as 
described below. 

(1) A highly corrosion-resistant hat-dip galvanized steel product excellent |n surface smoothness and formability, 
having on the steel product surface a zinc alloy plating layer composed of 4 to 10% by mass of Al, 1 to 5% by 

so mass of Mg, up to 0.1% by mass of TI and the balance of Zn and unavoidable impurities, the plating layer having 

a metal structure in which one or at least two of the [Al phase], [Zn 2 Mg phase] and [Zn phase] are present in a 
mixture In the matrix of an [AI7Zn/Zn 2 lv1g ternary eutectic structure], and the plating layer containing a Ti-AI base 
intermetallic compound in one or at least two of the [Al phase], [Zr^Mg phase] and [Zn phase]. 

(2) A highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formability, 
55 having on the steel product surface a zinc alloy plating layer composed of 4 to 22% by mass of Al, 1 to 5% by 

mass of Mg, up to 0.1 % by mass of Ti, up to 0.5% by mass of Si and the balance of Zn and unavoidable impurities, 
the plating layer of the plated steel product having a metal structure In which an [Mg^Si phase], an [Al phase] and 
a [Zn 2 Mg phase] are present in a mixture in the matrix of an [AI/ZnyZr^Mg ternary eutectic structure], and the 
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plating layer containing a Ti-AI base intermetallic compound in one or at least two of the [Al phase] and the [Zr^Mg 
phase]. 

(3) A highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formabiiity, 
having on the steel product surface a zinc alloy plating layer composed of 4 to 22% by mass of Al, 1 to 5% by 
5 mass of Mg, up to 0.1% by mass of Ti, up to 0.5% by mass of Si and the balance of Zn and unavoidable impurities, 

the plating layer of the plated steel product having a metal structure in which an [Mg 2 Si phase], an [Al phase], a 
[Zn 2 Mg phase] and a [Zn phase] are present in a mixture in the matrix of an [Al/Zn/Zn 2 Mg ternary eutectlc structure], 
and the plating layer containing a TI-AI base intermetallic compound in one or at least two of the [Al phase], [Zr^Mg 
phase] and [Zn phase]. 

10 (4) A highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formabiiity 

having, on the steel product surface, a zinc alloy plating layer composed of 4 to 22% by mass of Al, 1 to 5% by 
mass of Mg, up to 0.1% by mass of Ti, up to 0.5% by mass of Si and the balance of Zn and unavoidable impurities, 
the plating layer of the plated steel product having a metal structure in which an [Mg^Si phase], an [Al phase] and 
a [Zn phase] are present in a mixture in the matrix of an [AI/Zn/Zn 2 Mg ternary eutectic structure], and the plating 

15 layer containing a Ti-AI base intermetallic compound in one or two of the [Al phase] and [Zn phase]. 

(5) A highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formabiiity, 
wherein the Ti-AI base intermetallic compound according to any one of (1) to (4} mentioned above is TiAl 3 . 

(6) A highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formabiiity, 
wherein the Ti-Ai base intermetallic compound according to any one of (1) to (4) mentioned above is TlfAl^xSi,^ 

20 (wherein X = 0 to 0.5). 

(7) The highly corros ion-resistant hot-dip galvanized steel product excellent in surface smoothness and formabiiity 
according to any one of (1) to (6) mentioned above, wherein the Ti-AI base intermetallic compound contained in 
an [Al phase] in the plating layer is present in a Zn-AI eutectoid reaction structure in which Zn phases are con- 
densed. 

25 (8) The highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formabiiity 

according to any one of (1) to (7) mentioned above, wherein the size of a dendrite in an [A1 phase] in the plating 
layer is up to 500 u.m. 

(9) A process for producing the highly corrosion-resistant hot-dip galvanized steel product excellent in surface 
smoothness and formabiiity according to any one of (1) to (8) mentioned above, comprising the step of adding a 
30 TT-Zn base Intermetallic compound to a plating bath. 

Brief Description of the Drawings 

[0010] 

35 

Fig. 1 (a) is a photomicrograph substituted for drawing (magnification: 1 ,000 x) of a plating layer of the plated steel 
product of the present invention, and Fig. 1 (b) is a view showing the distribution state of each structure in the 
ph o to mi crag raph . 

Fig. 2 (a) Is a photomicrograph substituted far drawing (magnification: 3,500 x) that enlarges the [Ar phase] In Fig. 
to 1 , and Fig. 2 <b) is a view showing the distribution state of each structure in the photomicrograph. 

Best Mode for Carrying out the Invention 

[0011] The hot-dip galvanized steel product according to the present invention is a plated steel sheet having either 
45 a plating layer composed of 4 to 10% by mass of Al, 1 to 5% bymassofMg, up to 0.1% by mass of Ti and the balance 
of Zn and unavoidable impurities, or a plating layer composed of 4 to 22% by mass of Al, 1 to 5% by mass of Mg, up 
to 0.1% by mass of Ti, up to 0.5% by mass of Si and the balance of Zn and unavoidable impurities, the plating layer 
of the plated steel sheet having a metal structure in which one or at least two of the [Mg^Si phase], [Al phase], [Zn 2 Mg 
phase] and [Zn phase] are present in a mixture in the matrix of an [Al/Zn/Zr^Mg ternary eutectic structure], and the 
so plating layer containing a Ti-AI base intermetallic compound in one or at least two of the [Al phase], IZr^Mg phase] 
and [Zn phase]. 

[0012] The Al content in the Zn-AI-Mg-Ti base plating layer is restricted to 4 to 10% by mass for the following reasons. 
When the Al content exceeds 10% by mass; the adhesion of the plating layer decreases. The Al content In the plating 
layer to which Si is not added must therefore be made 10% by mass or less. Moreover, when the Al content is less 
55 than 4% by mass, no Al phase crystallizes as primary crystals, and the problem of lowering of smoothness does not 
arise. 

[001 3] Accordingly, in the hot-dip galvanized steel product of the invention, it is essential to add Si to the plating layer 
to ensure adhesion of the plating layer particularly when the Al concentration is as high as greater than 10% by mass. 
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[0014] On the other hand, the Al content in the Zn-AI-Mg-ThSi base plating layer is restricted to 4 to 22% by mass 
for the fallowing reasons. When the Al content is less than 4% by mass, no problem about lowering of smoothness 
arises because no Al phase crystallizes as primary crystals. When the Al content exceeds 22% by mass, the effect of 
improving the corrosion resistance is saturated. 

5 [0015] The Si content is restricted to 0.5% by mass or less (Si content of 0% by mass being excluded) for the following 
reasons: although Si has the effect of improving the adhesion, the effect is saturated when the content exceeds 0.5% 
by mass. The SI content is desirably from 0.00001 to 0.5% by mass, and more desirably from 0.0001 to 0.5% by mass. 
[0016] Addition of Si to a plating layer having an Al content exceeding 1 0% by mass is essential. However, even for 
a plating layer having an Al content of up to 10%, because the effect of improving the adhesion of the plating layer is 

10 also significant, addition of Si to the plating layer of a steel product is effective when the steel product is required to 
have high adhesion Df the plating layer, for example, when the steel product is used as a member to be severely 
worked. Moreover, as a result of adding Si, a [Mg^Si phase] crystallizes in the solidification structure of the plating 
layer. Because the [Mg2Si phase] has the effect of improving the corrosion resistance of a worked portion, it is more 
desirable to increase an addition amount of Si so that a metal structure in which the [Mg2Si phase] is present in a 

15 mixture in the solidification structure of the plating layer is formed. 

[0017] The Mg content Is restricted to 1 to 5% by mass for the following reasons: when the Mg content is less than 
1 % by mass, the effect of improving the corrosion resistance is inadequate; when it exceeds 5% by mass, the plating 
layer is embrittled, and the adhesion thereof decreases. 

[0018] The Ti content is restricted to 0.1% by mass or less (Ti content of 0% by mass being excluded) for the fol towing 
20 reasons. Ti has the effect of crystallizing a Ti-AI base intermetallic compound and improving the surface smoothness 
and formabllity. However, when the Ti content exceeds 0.1% by mass, the steel product after plating has a rough 
surface, and it has a poor appearance. Moreover, when the Ti content exceeds 0. 1 % by mass, a Ti-AI base intermetallic 
compound is condensed in the plating layer surface to decrease the surface smoothness and fonmability. The Ti content 
is desirably from 0.00001 to 0.1% by mass. The Ti content is more desirably from at least 0.00001% by mass to less 
25 than 0.01 % by mass. 

[0019] For the plated steel product according to the present invention, a metal structure containing at least one of 
the [Zn phase], [A1 phase], [Zn 2 Mg phase], [Mg^i phase] and a Ti-AI base intermetallic compound is formed in the 
matrix of an [AI/Zn/ZrvgMg ternary eutectic structure] in the plating layer. 

[0020] The [AI/Zn/Zn 2 Mg ternary eutectic structure] herein is a ternary eutectic structure of an Al phase, a Zn phase 
30 and an intermetallic compound Zn 2 Mg phase. The Al phase forming the ternary eutectic structure corresponds, for 
example, to an [Al" phase] (Al solid solution dissolving a Zn phase, and containing a small amount of Mg) at high 
temperature in an Al-Zn-Mg ternary equilibrium state diagram. The Al* phase at high temperature usually appears at 
room temperature as a fine Al phase and a fine Zn phase in separation. Moreover, the Zn phase In the ternary eutectic 
structure dissolves a small amount of Al, and further dissolves in some cases a small amount of Mg (Zn solid solution). 
35 The Zn£Mg phase in the ternary eutectic structure is an intermetallic compound phase present near a Zn content of 
about 84% by weight in a Zn-Mg binary equilibrium state diagram. As long as the state diagram is observed, it is thought 
that Si and Ti form no solid solution with, each phase, or extremely small amounts of Si and Ti form a solid solution 
therewith even when a solid solution is formed. Because the amounts cannot be definitely distinguished by conventional 
analysis, the ternary eutectic structure composed of the three phases is represented by an [AiyZn/Zn 2 Mg ternary eu- 
40 tectic structure], 

[0021] Furthermore, the [Al phase] is a phase that appears to be an island having a distinct boundary in the matrix 
of the above ternary eutectic structure. The phase corresponds, for example, to an [A1" phase] (A1 solid solution 
dissolving a Zn phase, and containing a small amount of Mg) at high temperature in the Al-Zn-Mg ternary equilibrium 
state diagram. The AT phase at high temperature dissolves Zn and Mg with the amounts differing and depending on 

45 the concentrations of Al and Mg in the plating bath. The AT phase at high temperature usually separates into a fine Al 
phase and afine Zn phase at room temperature. An island-like shape observed at room temperature may be taken as 
ruins of the AF phase at high temperature. As long as the state diagram is observed, it is thought that Si and Ti do not 
form a solid solution with the phase, or the amounts are extremely small even when they form a solid solution therewith. 
However, because conventional analysis cannot definitely determine the amounts, the phase derived from the 

so AT phase at high temperature and having the ruins of the shape of the Al" phase is termed an [Al phase] in the present 
invention. The [Al phase] can be definitely distinguished from the AJ phase forming the above ternary eutectic structure 
by microscopic observation. 

[0022] Furthermore, the [Zn phase] is a phase that appears tD be an island having a distinct boundary in the matrix 
of the above ternary eutectic structure. Actually, the [Zn phase] sometimes dissolves a small amount of Al and further 
55 dissolves a small amount of Mg. As far as the state diagram is observed, it is thought that Si and Ti form no solid 
solution with the phase, or that the amounts are extremely small even when they form a solid solution therewith. In a 
microscopic observation, the [Zn phase] can be definitely distinguished from the Zn phase forming the above ternary 
eutectic structure. 
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[0023] Moreover, the [Zn 2 Mg phase] is a phase that appears to be an island having distinct boundary in the matrix 
of the above ternary eutectic structure, and actually dissolves a small amount of AJ. sometimes. As far as the state 
diagram Is observed, it is thought that Si and Ti farm no solid solution with the phase, or that the amounts of Si and Ti 
are extremely small even when they form a solid solution therewith. In a microscopic observation, the [Zr^Mg phase] 

s can be clearly distinguished from the Zr^Mg phase forming the above ternary eutectic structure. 

[0024] Furthermore, the [Mg 2 Si phase] is a phase that appears to be an island having a distinct boundary in the 
solidified structure of the plating layer As far as the state diagram is observed, it is thought that Zn, Al and Ti form no 
solid solution with the phase, or that even when they form a solid solution therewith, the amounts are extremely small. 
In a microscopic observation of the plating layer, the [Mg^i phase] can be clearly distinguished. 

10 [0025] Furthermore, the Ti-Al base intermetallic compound is a phase that appears to be an island having a distinct 
boundary in the solidified structure of the plating layer. As far as the state diagram is observed, the intermetallic com- 
pound is thought to be TLAl 3 . However, because Si is observed when the Ti-Al base intermetallic compound is analyzed 
in the plating layer to which Si is added, it is thought that the Ti-Al base intermetallic compound in the plating layer is 
TiAI 3 that dissolves Si or Ti(AI 1 . x Si x ) 3 (X = 0 to 0.5) in which Si is substituted for part of Al. 

15 [0026] The Ti-Al base intermetallic compound in the hot-dip galvanized steel product of the present invention is 
characterized in that the intermetallic compound is present in the [Al phase], [Zn^Mg phase] and [Zn phase]. The 
contained form of the ThAi base intermetallic compound is restricted to sites in the [Al phase], [Zr^Mg phase] and (Zn 
phase] because a Ti-Al base intermetallic compound present in sites other than the above sites cannot improve the 
surface smoothness and formability. The Ti-Al base intermetallic compound present in sites in the [Al phase], [Zr^Mg 

zo phase] and [Zn phase] is thought to improve the surface smoothness and formability for the following reasons: the Ti- 
Al base Intermetallic compound becomes nuclei of the [Al phase], [Zr^Mg phase] and [Zn phase], promotes crystalli- 
zation of these crystals, and many fine structures are formed. That is, when the crystals become fine, the recesses 
and protrusions of the plating layer surface are suppressed. As a result, the surface becomes smooth, and the friction 
coefficient is decreased during farming due to a decrease in the deformation resistance of the plating layer. It is thought 

25 that the formability of the plated steel product is thus improved. 

[0027] The effect is significant particularly in the [Al phase]. The plating layer surface is smoothed and the friction 
coefficient is lowered by adjusting the size of a dendrite of the [Al phase] to 500 u.m or less. The size is desirably up 
to 400 urn, and more desirably up to 300 u.m. 

[0028] As a result of examining metal structures in many plating layers, they have observed intermetallic compounds 

30 each having a size of several micrometers in most of the metal structures. Fig . 1 shows one example of the intermetallic 
compounds present in an [Al phase]. Fig. 1 (a) is a photomicrograph (magnification: 1,000 x) of a plating layer of a 
plated steel product in the present invention. Fig. 1 (b) is a view showing the distribution state of each structure in the 
photomicrograph, it Is understood from the view that each structure can be definitely specified with the help of a pho- 
tomicrograph of the plating layer of a plated steel product in the present Invention. 

35 [0029] In Fig. 1 (a), a Ti-Al base intermetallic compound is observed in a phase corresponding to an [Al" phase] at 
high temperature in the Al-Zn-Mg ternary equilibrium state diagram. The Al" phase at high temperature usually appears 
at room temperature as a fine Al phase and a fine Zn phase in separation by a eutectoid reaction taking place at 277°C 
in the Al-Zn binary equilibrium state diagram. When a hypo-eutectoid reaction takes place herein, the Al" phase crys- 
tallized at high temperature starts to precipitate a Zn phase from a ternary eutectic temperature In the Al-Zn-Mg ternary 
equilibrium state diagram, and the remaining Ar phase forms a eutectoid structure of a fine Al phase and a fine Zn 
phase at temperature corresponding to the eutectoid reaction in the Al-Zn binary equilibrium state diagram. 
[0030] Fig. 2 {a) is a photomicrograph {magnification: 3,500 x) that enlarges the Al" phase in Fig. 1. Fig. 2 (b) is a 
view showing the distribution state of each structure in the photomicrograph. It can be concluded from the observation 
in detail of the AT phase that eutectoid structures that are condensed precipitated Zn phases are present outside the 

*s Al" phase and around the Ti-Al base intermetallic compound. 

[0031] Although there is no specific restriction on the size of the intermetallic compound in the present invention, the 
size observed by the present inventors Is up to 10 pm. Moreover, there is no specific limitation on the proportion of the 
intermetallic compound present in the plating layer structure. However, it is desirable that the intermetallic compound 
be present in an amount of at least 1 0% in one of the [Al phase], [Zr^Mg phase] and [Zn phase]. 

so [0032] There is no specific restriction on the method of adding the intermetallic compound. A method of dispersing 
fine powder of the intermetallic compound in the bath, a method of dissolving the intermetallic compound in the bath, 
and the like method, can be applied. When the plated steel product is produced in a continuous line in which hot-dip 
galvanizing with a nonoxidizing furnace system is used, a method of dissolving TI in the plating bath is suitable. As the 
method of dissolving Ti in a plating bath, a method of adding a Ti-Zn base intermetallic compound is efficient because 

55 Ti can be dissolved at low temperature in a short period of time. Examples of the Ti-Zn base intermetallic compound 
to be added include Zn 15 Ti, Zn 10 Tl, Zn 5 Tl, Zn 3 Ti, Zn 2 Ti and ZnTi. When such an intermetallic compound is added to 
the plating bath singly or in a mixture of the intermetallic compound and Zh, or an alloy of Zn-Ai or Zn-AI-Mg, dissolved 
Ti crystallizes in the plating layer as a TVAI base intermetallic compound, and the compound improves the surface 
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smoothness and forma bility. 

[0033] Examples of the substrate steel product of the present invention include not only steel sheets but also various 
steel products such as wire rods, shape steels, bar steels and steel tubes. Usable steel sheets Include both hot rolled 
steel sheets and cold rolled steel sheets. Various steel types such as Al-killed steels, extra low carbon steels containing 
5 71, Nb, etc., high-strength steels containing strengthening elements such as P, Si and Mn and stainless steels can be 
used. 

[0034] There is no specific restriction on the production process of the steel products in the invention, and various 
processes such as continuous plating of steel sheets, and hot-dip galvanizing of steel products and wire rods can be 
applied. When steel products are to be pre-plated with Ni as a substrate layer, a conventional pre-plating process may 

10 be applied. Because the plated products obtained in the present invention each have a plating layer excellent in surface 
smoothness even when the cooling rate is small, the process shows a significant effect in hot-dip galvanizing in which 
the plated products are hardly cooled at a large cooling rate, and hot-dip galvanizing of thick steel products. 
[0035] Although there is no specific limitation on the adhesion amount of the plating layer, the amount is desirably 
at least 10 g/m 2 in view of the corrosion resistance, and up to 350 g/m 2 in view of the workability. 

15 [0036] The zinc plating layer may also contain Fe, Sb t Pb and Sn singly or in a mixture in an amount Df 0.5% by 
mass or less in addition to the above elements. Moreover, even when the plating layer contains Ca, Be, Cu, Ni, Co, 
Cr, Mn, P, B, Nb t Bi and group 111 elements in a total amount of 0.5% by mass or less, the effect of the invention is not 
impaired, and the corrosion resistance of the plated steel products is sometimes further preferably improved, depending 
on the amount. 

zo 

Examples 



(Example 1) 

25 [0037] First, cold rolled steel sheets 0.85 mm thick were prepared. Each steel sheet was hot-dip galvanized for 3 
sec in a plating bath at temperature of 400 to 600°C. Amounts of addition elements in the bath were varied. The 
adhesion amount of a plating layer on one side of each steel sheet was adjusted to 140 g/m 2 by N 2 wiping, and the 
plated steel sheet was cooled at a rate of 10°C/sec or less. Table 1 shows the plating compositions of the plated steel 
sheets thus obtained. The cross section of each steel sheet was observed with a SEM, and Table 1 also shows the 

30 results of observing the metal structure of the plating layer. 

[0038] Each plated steel sheet was inclined at an angle of 10° to the horizontal plane, and surface ground. ThAJ 
base intermetaltic compounds present in an [Al phase], a [Zr^Mg phase] and a [Zn phase] were subsequently observed 
with an EPMA. . 

[0039] The size of dendrites In [Al phases] In the plating layer was determined by the following procedure. The surface 
35 of each plated steel sheet was mapped by CMA, and major axes of dendrites In the Ai map thus obtained were measured 
in an area of 5 x 5 cm. The major axes of five dendrites were measured in order of decreasing magnitude. The average 
was used as the size of dendrites in the [Al phases]. 

[0040] As to the smoothness, and were measured with a surface roughness shape measurement apparatus 
(manufactured by Tokyo Seimitsu Co., Ltd.). The surface roughness of each steel sheet (only solidified by cooling) was 
40 measured at optional 3 sites under the conditions explained below, and the average was used. 
Measurement probe: stylus tip having a curvature of 5 um R 
Measurement length: 25 mm 
Cut off: Rg 0.8 mm, 0.8 to 8 mm 
Driving speed: 0.3 mm/sec 
« Filter 2 CR filter 

[0041] The smoothness of each steel sheet was judged from the following scores. A steel sheet having a score of 4 
was accepted. 



4: Rg up to 1 um, up to 1 um 
so 3: Rg exceeding 1 um, up to 1 pan 

2: Rg up to 1 um, exceeding 1 u.m 
1: Rg exceeding 1 u.m, exceeding 1 um 



[0042] The fbrmabilrty of each steel sheet was evaluated by a draw bead test. A drawing load obtained under the 
55 following measurement conditions was used, and the apparent friction coefficient was calculated. 
[0043] Bead mold: round shape of a projected portion R 4 mm R, shoulder R 2 mm R 

Sample size: 30 mm x 300 mm 

Slide length: 110 mm 
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Drawing speed: 200 mm/mln 

Pressing load: 600, 800, 1,000 kgf 
[0044] The smoothness of each steelsheet was judged from the following scares. A steel sheet having a scare of 3 
was accepted. 



3: less than 0.20 

2: at least 0.20 to less than 0.21 

1: at least 0.21 

10 [0045] Each steel sheet was sprayed with 5% salt water at 35°C for 1 ,000 hours. When rust was not formed, the 
steel sheet was accepted. When rust was farmed, the steel sheet was rejected. 

[0046] Table 1 shows the evaluation results. Because Sample No. 14 contained noTi-AI base in termetaliic compound, 
an AJ phase grew, and it was rejected because of the smoothness and formability. Because Sample No. 15 had an 
excessive Ti content, a TV A I base intermetallic compound condensed in the surface, and it was rejected because of 
15 the smoothness and formability. Because Sample No. 16 had contents of Mg, Al, Si and Tl outside the scope of the 
present invention, it was rejected because of the corrosion resistance. Samples other than the above ones each showed 
good smoothness, formability and corrosion resistance. 



Table 1 



20 



25 



30 



40 



Sample 
No. 


Composition of hot-dip 
layer (mass% 


Zn coating 
t 


Metal structure 


Mg 


Al 


Si 


Ti 


Mg 2 Si 
phase 


Ternary 
eutectic 


Al 
phase 


Zn 
phase 


MgZn 2 
phase 


TVAI base 
intermetallic 
cpd. 


1 


4 


8 


0.15 


0.009 


O 


O . 


O 


O 


O 


O 


2 


5 


10 


0.2 


0.009 


O 


O 


o 




O 


O 


3 


5 


15 


0.45 


0.009 


O 


o 


o 




O 


O 


4 


3 


6 


0.05 


0.009 


O 


o 


o 


O 




O 


5 


1 


19 


0.5 


0.009 


O 


o 


o 




O 


O 


6 


1 


4 


0.005 


.0.009 


O 


o 


o 


O 




O 


7 


3 


11 


0.2 


0.009 


O 


o 


o 




O 


O 


8 


3 


11 


0.2 


0.001 


O 


o 


o 




O 


O 


9 


3 


11 


0.2 


0.0002 


O 


o 


o 




O 


O 


10 


3 


11 


0.2 


0.00005 


O 


o 


o 




O 


O 


11 


3 


11 


0.2 


0.000001 


O 


o 


o 




O 


O 


12 


3 


11 


0.0002 


0.009 


O 


o 


o 




O 


O 


13 


3 


11 


0.000001 


0.009 


O 


o 


o 




O 


O 


14 


3 


11 


0.2 


O 


O 


o 


o 




O 




. 15 


3 


11 


0.2 


0.12 


O 


o 


o 




O 


O 


16 


0 


0.2 


0 


0 








O 






17 


3 


6 


0 


0.01 




o 


o 


o 


o 


O 



Table 1 (Continued) 



Sample No. 


Size of Al phase 


Smoothness 


Formability 


Corrosion resistance 


Note 


1 


150 u.m 


4 


3 


Accepted 


Ex. 


2 


150 ujti 


4 


3 


Accepted 


Ex. 
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Table 1 (Continued) (continued) 



Samole No 


Si7R nrf Al nhasf? 


SmonthnpRS 

LJII IwWU II 1 GOO 


PnrmahiliH/ 

1 L/l 1 1 IOLIIIILY 


f^nnrri^ifin rej%kfannp 

V/UI 1 UOIul 1 I COkjLOI luo 


Nate 


1 3 


150 tim 

1 wO I l 


4 


3 


A/rpnterl 

r>wOO LV LdJ 


Ex. 


4 


100 u m 


4 


3 




Ex. 


5 


200 urn 

tuu LLI 1 t 


4 


3 


AnnpntpH 


Ex. 


6 


100 li m 


4 


3 




Ex. 


7 


150 u m 

• sj\j lli 1 1 


4 


3 


Accented 


Ex. 


3 


200 ti m 

I/tJ LLI 1 1 


I 4 


3 


A^rvntoH 


Ex. 


g 


*^00 nm 


4 


3 




Ex. 


10 


350 u m 

w vv LLI 1 1 


4 


3 


Ar^pnfpft 

rMA<C L/ ICU 


Ex. 


11 


4.^0 nm 


4 


•a 




Fx 


12 


1 50 jim 


4 


3 


Accepted 


Ex. 


13 


150 \im 


4 


3 


Accepted 


Ex. 


14 


1200 um 


2 


2 


Accepted 


Comp.Ex. 


15 | 


200 u.m 


3 


2 


Accepted 


Camp.Ex. 


16 




4 


3 


Rejected 


Comp.Ex. 


17 


150 


4 


3 


Accepted 


Ex. 



(Example 2) 

[0047] First, cold rolled steel sheets 0.85 mm thick were prepared. Each steel sheet was hat-dip galvanized for 3 
sec in a plating bath at a temperature of 520°Q. Amounts of addition elements in the bath were varied. The adhesion 
amount of a plating layer on one side of each steel sheet was adjusted to 140 g/m 2 by N 2 wiping, and the plated steel 
sheet was coaled at a rate of 1 0°C/sec or less. Table 2 shows the plating compositions of the plated steel sheets thus 
obtained. The cross section of each steel sheet was observed with a SEM, and Table 2 also shows the results of 
observing the metal structure of the plating layer 

[0048] Each plated steel sheet was inclined at an angle of 10* to the horizontal plane, and surface ground. TVAI 
base intermetallic compounds present in an [Al phase], a [Zr^Mg phase] and a [Zn phase] were subsequently observed 
with an EPMA. Moreover, as to Ti-AI base intermetallic compounds present in an [Al phase], the presence or absence 
of the Ti-AI base intermetallic compounds in a Zn-AI eutectoid structure in which a . precipitated [Zn phase] was con- 
densed was observed with an EPMA. Furthermore, whether a ThAI base intermetallic compound contained Si or not 
was observed by observing a Ti-AI base intermetajlic compound with an EPMA. 

[0049] The adhesion of the plating layer was evaluated by the following procedure. An adhesive cellophane tape 
was affixed to each hat-dip galvanized steel sheet subsequent to a Du Pont impact test, and the tape was peeled off 
the steel sheet The adhesion was evaluated by the following criteria: 



45 



so 



55 



Q the plating layer is not exfoliated; 

A: the plating layer is exfoliated in an area of less than 1 0%; and 

X: the plating layer Is exfoliated in an area of at least 10%. In the Du Pont test, an impact mold having a roundness 
of 1/2 inch at the tip was used, and the test was carried out by dropping a 1-kg weight from a height of 1 m. 

[0050] The corrosion resistance of each plated steel sheet subsequent to working was evaluated by the following 
procedure. A sample was subjected to 1 T bending (bending a sample to be tested at an angle of 180° while the sample 
was being held). The bent portion of the sample was subjected to SSTfor 1,000 hours. The rust formation state an 
the bent portion was judged according to the following scores. Asteel sheet having a score of at least 3 was accepted. 

5: rust formation area of less than 5%; 

4: rust formation area of from at least 5% to less than 10%; 

3: rust formation area of from at least 1 0% to less than 20%; 

2: rust formation area of from at least 20% to less than 30%: and ~ 
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1 : rust formation area of at least 30%. 

[0051] Table 2 shows the evaluation results. Because the addition amounts of AJ and SI In Sample No. 2 were outside 
the scope of the present invention, Sample No. 2 was rejected because of the adhesion. The other samples each 
5 showed good adhesion of the plating layer and good corrosion resistance alter working. Plated steel sheets that had 
a plating layer containing Si showed particularly good adhesion and corrosion resistance after working. 



Table 2 



15 



Sample 
No. 


Composition of hot-dip 
Zn plating layer (mass%) 


Metal structure 


Mg 


Al 


Si 


Ti 


M&Si 
Phase 


Ternary 
eutectic 


Al 

phase 


Zn 

phase 


HgZn 2 
phase 


Ti-Al base 
inter- 
metallic cpd. 


1 • 


3 


12 


0.2 


0.009 


6 


6 


6 






TilAlD.wSi*.,*), 


2 


3 


12 


0 


0.009 




o 


O 






TiAlj 


3 


3 


6 


0 


0.01 




o 






6 


TiAl, 


4 


3 


6 


0.002 


0.01 




o 


6 " 




O 


Ti(Alo.u5io.u>s 



20 

Table 2 (Continued) 



30 



Sample 
No. 


Site where Ti-Al base intermetallic 
compound in Al phase was present 


Adhesion 


Corrosion 
resistance 
after working 


Note 


1 


In Zn-Al eutectoid structure where Zn 
phase was condensed 


6 


5 


EX. 


2 


In Zn-Al eutectoid structure where Zn 
phase was condensed 


X 


3 


Comp • Ex ■ 


3 


In Zn-Al eutectoid structure where Zn 
phase was condensed 


A 


4 


Ex. 


4 


In Zn-Al eutectoid structure where Zn 
phase was condensed 




5 


Ex. 



Industrial Applicability 

35 [0052] As explained above, according to the present invention, highly comas ion- resistant plated steel products that 
show excellent surface smoothness and formability, without forming protrusions and recesses in the surfaces even 
when the solidification rate of the plating layers was small, can be produced. 



*> Claims 

1 . A highly corrosion -resistant hot-dip galvanized steel product excellent in surface smoothness and formability, hav- 
ing on the steel product surface a zinc alloy plating layer composed of 4 to 10% by mass of Al p 1 to 5% by mass 
of Mg, up to 0.1% by mass of Ti and the balance ofZn and unavoidable Impurities, the plating layer having a metal 

45 structure in which one or at least two of the [Al phase], [Zn 2 Mg phase] and [Zn phase] are present in a mixture in 

the matrix of an [AI/Zn/Zn 2 Mg ternary eutectic structure], and the plating layer containing a Ti-Al base intermetalllc 
compound in one or at least two of the [Al phase], [ZnjMg phase] and [Zn phase]. 

2. A highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formability, hav- 
50 ing on the steel product surface a zinc alloy plating layer composed of 4 to 22% by mass of Al, 1 to 5% by mass 

of Mg, up to 0.1% by mass of Ti, up to 0.5% by mass of SI and the balance of Zn and unavoidable impurities, the 
plating layer of the plated steel product having a metal structure in which an [MgjSi phase], an [Al phase] and a 
[Zn 2 Mg phase] are present In a mixture in the matrix of an [AI/Zn/Zr^Mg ternary eutectic structure], and the plating 
layer containing a Ti-AI base intermetaliic compound in one or at least two of the [Al phase] and [Zn^Mg phase]. 

55 

3. A highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formability, hav- 
ing on the steel product surface a zinc alloy plating layer composed of 4 to 22% by mass of Al, 1 to 5% by mass 
of Mg, up to 0.1% by mass of Ti, up to 0.5% by mass of Si and the balance of Zn and unavoidable impurities, the 
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plating layer of the plated steel product having a metal structure in which an [Mg^Si phase], an [AJ phase], a [Zn 2 Mg 
phase] and a [Zn phase] are present in a mixture in the matrix of an [AI/Zn/Zr^Mg ternary eutectic structure], and 
the plating layer containing a Ti-AI base Intermetalllc compound in one or at least two of the [Al phase], [Zr^Mg 
phase] and [Zn phase]. 

A highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formability, hav- 
ing on the-steel product surface a zinc alloy plating layer composed of 4 to 22% by mass of Al, 1 to 5% by mass 
of Mg, up to 0.1% by mass of Ti, up to 0.5% by mass of Si and the balance of Zn and unavoidable impurities, the 
plating layer of the plated steel product having a metal structure in which an IMg^Si phase], an [A! phase] and a 
[Zn phase] are present in a mixture in the matrix of an [Ai/Zn/Zn 2 Mg ternary eutectic structure], and the plating 
layer containing a 7VA1 base intermetallic compound in one or two of the [Al phase] and [Zn phase]. 

A highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formability, 
wherein the Ti-AI base intermetallic compound according to any one of claims 1 to 4 is T1AI3. 

A highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formability, 
wherein the Ti^AI base intermetallic compound according to any one of claims 1 to 4 is Ti(AI 1x Si x ) 3 (wherein X = 
0 to 0.5). 

The highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formability 
according to any one of claims 1 to 6, wherein the Ti-AI base intermetallic compound contained in an [Al phase] 
in the plating layer is present in a Zn-AJ eutectoid reaction structure in which Zn phases are condensed. 

The highly corrosion-resistant hot-dip galvanized steel product excellent in surface smoothness and formability 
according to any one of claims 1 to 7, wherein the size of a dendrite in an [Al phase] in the plating layer is up to 
500 ujn. 

A process for producing the highly corrosion-resistant hot-dip galvanized steel product excellent in surface smooth- 
ness and formability according to any one of claims 1 to 8, comprising the step of adding a Ti-Zn base intermetallic 
compound to a plating bath. 
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Fig.Ka) 
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F i g.1(b) 
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Fig.2(a) 
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F i g.2(b) 



WI/Zn/ZnjMg TERNARY EUTECTIC STRUCTURE] 



EUTECTOID STRUCTURE OF A Zn PHASE 
AND AN Al PHASE (WITH A Zn PHASE 
CONDENSED THEREIN) IN AN [A f PHASE] 




EUTECTOID STRUCTURE OF A 
Zn PHASE AND AN Al PHASE 
(WITH A Zn PHASE CONDENSED 
THEREIN) IN AN [A I PHASE] 

EAI/Zn/ZnjMg TERNARY EUTECTIC STRUCTURE] 

Ti-AI BASE INTERMETALLIC COMPOUND 

EUTECTOID STRUCTURE OF A Zn PHASE 
AND AN A I PHASE OOTH A Zn PHASE 
CONDENSED THEREIN) IN AN [A I PHASE] 

[AI/Zn/ZnjMg TERNARY EUTECTIC STRUCTURE] 



EUTECTOID STRUCTURE OF AN Al PHASE 
IN AN [Al PHASE] AND A Zn PHASE 

[AI/Zn/ZnjMg TERNARY EUTECTIC STRUCTURE] 
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